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Abstract

The purpose of the current study is the development and the in vitro evaluation of a novel device for the nasal delivery of
biodegradable polymeric films. The Matrix-Piston nasal Device (MPD) was designed and then printed employing Fused
Deposition Modeling. Particularly, the CAD model of MPD was produced considering the human anatomical features of
the nasal cavity and aiming to deliver the formulation on the olfactory region. The device consists of two independent parts
constructed by different materials. For the 3D-printing process, different materials were tested to decide the most applicable
for each part. More precisely, Thermoplastic Polyurethene (TPU) polymer was selected to print the matrix, while Acryloni-
trile Butadiene Styrene (ABS) for the piston. Furthermore, two nasal casts were printed to be used for the assessment of the
device. Namely, an hydroxypropyl-methyl cellulose-based drug-free film, containing polyethylene glycol 400 as plasticizer
and methyl-p-cyclodextrin as permeation enhancer, was formed on the MPD to be tested for its ability to be detached from
the device and positioned on the artificial olfactory region of the nasal cast. The deposition of the film on the targeted area

of the semi-realistic nasal cast took place successfully.

Keywords Intranasal administration - 3D-printing - Nasal device - Nasal films

Introduction

Intranasal (IN) delivery is an administration route suitable
for brain targeting. Such non-invasive strategies gain greater
acceptance by the physicians and patients. Since 2019, three
nasal products have been approved for the management of
epileptic seizures (midazolam, Nayzilam®; diazepam, Val-
toco®) [1, 2] and resistant depression (esketamine, Spra-
vato®) [3].

Furthermore, a sumatriptan nasal powder (Onzetra®/
Xsail®) has been approved for the acutetreatment of
migraine [4], while sumatriptan nasal spray has been on
the market since 1997 [5]. Neuroprotective substances and
natural antioxidants can provide defense to the neural cells
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against neurodegenerative diseases, such as Alzheimer’s and
Parkinson’s disease. The bioavailability of these substances
is found reduced in the brain, either because of the first-
pass effect, or due to their inability to cross the blood brain
barrier (BBB) [6]. Nose-to-brain delivery can increase the
levels of the administered drugs into the brain, bypassing
the BBB and achieving therapeutic concentrations, with the
potential to delay the progression of neurodegenerative dis-
eases [7]. Moreover, the IN administration route is suitable
for patients with swallowing problems, significantly improv-
ing their compliance [8]. Additionally, fewer systemic side
effects are observed, along with the faster onset of action
and the avoidance of the gastrointestinal degradation and the
first-pass effect [9]. Last, but not least, several studies have
shown increased drug bioavailability into the brain after IN
administration, compared to intravenous administration [10,
11].

The nasal devices available on the market comply with
the official requirements of the approved nasal sprays and
powders [12, 13]. In 2003, the FDA published a guidance
about in vitro tests required to prove the reproducibility and

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1208/s12249-022-02351-4&domain=pdf

205 Page 2 of 9

AAPS PharmSciTech (2022) 23: 205

accuracy of mechanical liquid spray pumps and pressurized
metered-dose inhalers (pMDIs) [14]. The variability of their
performance is related to the non-reproducible deposition of
the drops or particles on the olfactory region which is the
target area. However, droplets produced by nebulizers are
more efficiently deposited to this region, upon nasal inha-
lation [15]. The ease of formulation and administration of
nasal liquid forms, combined with their low-cost develop-
ment, has resulted in their prevalence on the market [16].
Comparative studies of sumatriptan nasal powder, with the
conventional nasal spray, revealed that the IN administration
of a lower dose as nasal powder resulted in earlier onset
of efficacy, without causing higher than mild discomfort or
abnormal taste to most of the volunteers [17]. In this con-
text, powder formulations gain ground as they can stick on
the epithelium, so that the contact time with nasal mucosa
is prolonged [18]. Nevertheless, the in vivo performance of
spray pumps and metered dose devices for powders’ admin-
istration can be significantly different from the in vitro one,
as the effectiveness of the drug delivery system is influenced
by the performance of the drug delivery system and is influ-
enced by user administration technique and the particle
deposition, respectively [19].

FDM (Fused Deposition Modeling) is an extrusion-based
layer by layer manufacturing method based on the melting of
thermoplastic polymeric filaments [20] that form 3D objects
with characteristics tailored to the purpose of their use. The
available filaments allow the customization of shape, color,
flexibility, density, and size of the printed objects [21]. The
alteration of these factors can be applied in the design of
medical devices aiming to develop personalized modes of
administration depending on the needs of each patient.

In contemporary unpublished work, we tend to propose
a new nasal film for nose-to-brain delivery. They are round
polymeric films, with size adapted to the dimensions of
the olfactory region, for the brain delivery of the acetyl-
cholinesterase inhibitor, donepezil. These films have been
evaluated in terms of in vitro and ex vivo studies and their
nasal administration to mice (after the adjustment of film
dimensions to the size of mice nasal cavity) showed better
performance of the IN delivery compared to the oral drug
delivery. In the present study, a personalized nasal device
(Matrix-Piston Device, MPD) was designed to achieve the
positioning of the films on the olfactory region, in order to
enhance the IN absorption of drugs. Anatomical and func-
tional characteristics of the nasal cavity were considered
for the design of the MPD, employing the Autodesk Fusion
360® software. The FDM technique was adopted for the
construction of this nasal device, which was then evaluated
using two 3D-printed nasal casts. The device was assessed
for its fit into the nostril of each nasal cast and the ability of
the matrix to reach the olfactory area of the models. Moreo-
ver, the piston was considered functional when it allowed the
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detachment of the film from the matrix and the deposition on
the target-area, after 1 to 3 rotations of the device.

Materials and Methods
Materials

The materials used for the printing of the MPD and the two
nasal casts were a white PLA filament of PrimaValue® PLA
series, gray and yellow TPU (Thermoplastic Polyurethene)
filament of PrimaCreator® EasyPrint Flex TPU series, and a
gray ABS (Acrylonitrile Butadiene Styrene) filament of Pri-
maSelect® ABS series, with diameter of 1.75 mm. All the
materials were purchased from Prima®Creator (Sweden).
Also, the white ABS and the white FiberFlex 40D filaments,
with diameter of 1.75 mm, were purchased from Devil
Design® and Fiberlogy®, respectively. For the preparation
of the film-forming gel, methyl-pB-Cyclodextrin (Me-$-CD,
MW: 1310 g/mol) was bought from Fluka Chemika (Mexico
City, Mexico, USA and Canada). Hydroxypropyl-methyl cel-
lulose (HPMC, Methocel E50 premium LV, MW: 90,000 g/
mol) was purchased from Colorcon (Shanghai, China). Poly-
ethylene Glycol 400 (PEG 400) and Trypan blue solution
were obtained from Sigma Chemical Company (St. Louis,
MO, USA). HPLC grade water was bought from Fischer
Scientific (Pittsburgh, USA).

3D-Printing Process

The MPD was designed with the Autodesk Fusion 360 soft-
ware® and constructed using an FDM Creality® Ender-3
Pro printer, with printing area of 220 x 220X 250 mm. An
MKS Extruder Driver PaT5W3 with a 1.75-mm stepper
motor and 0.4-mm nozzle was employed to the printer and
used for material extrusion. The printing parameters were
controlled by the Creality Slicer 1.2.3® software. The PLA,
ABS, TPU, and FiberFlex (thermoplastic elastomer, TPE)
are generally recognized as safe (GRAS) polymers [22] and
were tested as candidates for the construction of the matrix
and the piston.

MPD Evaluation

The MPD evaluation was performed using a non-realistic
and a semi-realistic nasal cast. The two nasal casts were
constructed by materials of different flexibility and hard-
ness allowing their distinction in non-realistic and semi-
realistic. The non-realistic nasal cast was printed with rigid
materials, and thus it was not able to simulate the nose pli-
ability. On the contrary, the selection of a flexible material,
such as the FiberFlex 40D filament, for the construction of
the semi-realistic nasal cast allows its characterization as
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“semi-realistic” as its flexibility resembles the human nose
pliability. The two nasal casts were printed in the Laboratory
of Biopharmaceutics & Pharmacokinetics in the Department
of Pharmacy of the National and Kapodistrian University
of Athens. The 3D objects were printed based on the same
computer-aided design (CAD) model, obtained from the
Department of Infectious Diseases of the Hospital Univer-
sity of Strasbourg, in France [23].

Both nasal casts consisted of two sides, corresponding to
the left and right side of the face (Fig. 1). The left side offers
a complete view of the inner anatomy of the nose, while the
right side is closed. The two parts have been designed to be
joined together forming the nasal cavity. The two sides of
the non-realistic nasal cast were constructed using differ-
ent materials. The left side was printed with ABS filament,
while the right side was made of PLA, to assess both mate-
rials using the same nasal cast. For the semi-realistic nasal
cast, the more flexible FiberFlex 40D material was employed
for printing both sides, to stimulate the flexibility of the
human nasal cavity. The positioning of the device inside the
cavity is possible either on the left or on the right side. The
MPD was assessed, using the two nasal casts, based on three
evaluation criteria as follows: (a) the proper fit of the device
inside the nostril, (b) the successful approach of the target
area within the nasal cavity (olfactory region), and (c) the
piston functionality and the ability of the device to success-
fully deliver the film on the target area.

Preparation of the Films

A polymer drug-free gel was prepared, to be used as a film-
forming agent, according to the following method. The
preparation process was based on the standard protocol of
dispersion of HPMC in hot HPLC grade water (>80 °C) and
then hydration at lower temperature (< 10 °C) for 15 min
[24]. PEG 400 and Me-B-CD were added as film plasticizer
and permeation enhancer, respectively. The composition of

Fig. 1 Non-realistic (left) and
semi-realistic (right) nasal cast

the film-forming gel was 1.5% w/w HPMC E50, 1.7% w/w
PEG 400, and 0.8% w/w Me-B-CD in HPLC grade water.
Trypan blue 0.4% was incorporated in the film-forming gel
to render the resulted film visible when its deposition on
nasal cast is tested. A total of 25 pL of the film-forming gel
was placed on the head of the matrix and dried for 30 min, at
RT (25 °C). This volume of the gel is the maximum that can
be placed on the matrix head according to the dimensions of
this part of the device. The thickness of the resulted film was
measured using the INSIZE Outside Micrometer (Jiangsu,
China) with 0-25 mm (0.001 mm graduation) measuring
range. Ten different samples were tested, and their thickness
is expressed as mean + SD.

Results and Discussion

3D-Printing of MPD

The device was composed of two distinct parts, the matrix
with the base handle, and the piston, which are presented in
Fig. 2. MPD was printed by the Creality Ender-3 Pro after
the application of FDM printing method, employing high
melting point thermoplastic polymers (Fig. 3A—C) Table( 1).

Matrix

The diameters of the bottom and the upper part of the base
were set to 12.7 mm and 11.3 mm, respectively. These values
are close to the mean diameter of the human nostril [25].
The extension of the matrix is a tubular structure reaching
a height of 3—4 cm, starting from the center of the base,
with a curved head on the top where the gel-forming agent
is placed and let dry to form the film (Fig. 2B-blue arrow).
It targets to a distance deeper than 2-3 cm, where the nasal
valve is found [26]. The olfactory region is located behind
and beyond the nasal valve [18] and in a distance equal to
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Fig.2 A CAD models of (i) the matrix of MPD consisting of 1. the
base handle, 2. the base, 3. the base extension, and 4. the head, where
the film will be formed and (ii) the piston consisting of 1. the base
handle, 2. the base, and 3. the base extension. B The curved head

(blue arrow) of the matrix. C The curved base (blue arrow) of the
matrix. The two parts of the MPD assembled before D and after E the
film release

Fig.3 A TPU matrix, B ABS piston, C assembled MPD, D the film-forming gel placed on the head of the matrix, and E the dry film formed on

the head of the matrix

Table 1 Diameter and height characteristics of the matrix and piston

Matrix Diameter (mm) Height (mm)
Base handle 19.7 8.0

Base 12.7 (bottom), 11.3 (upper part) 8.0
Extension 2.7 (inner), 4.0 (external) 32.0

Head 4.0 -

Piston Diameter (mm) Height (mm)
Base handle 15.0 14.0

Base 6.5 8.0
Extension 2.2 36
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40-42 mm from the nostril [27, 28]. For this reason, the part
of the MPD placed in the nostril is equal to 44 mm. The head
is attached to the top of the extension, where the gel-forming
agent is placed and let dry to form the film (Fig. 3D, E).
Moreover, the head and all the sides in direct contact with
the nasal epithelium were curved (Fig. 2B, C-blue arrow)
to avoid any discomfort or irritation during administra-
tion. PLA, TPU, and FiberFlex 40D matrices were printed
with inner and external diameters of its extensions equal to
2.7 mm and 4 mm, respectively. The proper fit of the MPD
inside the nasal cavity requires the parts of the base, the
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extension, and the head to enter entirely inside the cavity
and the base handle to protrude from the nostril. The base
handle of the matrix is a non-compact cylinder, in direct
contact with the base, determining the penetration depth
of the device into the nasal cavity. It provides accuracy to
the drug delivery on the target area and ensures the ease
of device removal from the nose, after the administration.
Consequently, the base of the device has a specific geometry
of a non-solid cone which provides stability, while allowing
the device to remain immobile inside the nasal cavity for
a prolonged period. The dimensions of the device can be
adjusted to that of each patient nostril to assure personal-
ized administration. The diameter of the bases and exten-
sions of the device, as well the length of the extension and
piston proposed in this study, refers to the average charac-
teristics of the adult human nose. Moreover, the dimensions
of the nasal casts were considered to determine the size of
the device. These parameters can be adjusted to the special
anatomic features of each individual which differ along with
the age, sex, or ethnicity. The selection of FDM technique
as a proposed method for MPD printing allows the low-cost
and simple construction of personalized devices, adapted
to the needs of each patient. The constructed 3D objects
were assessed in terms of flexibility to select the appropri-
ate printing material for the matrix. As expected, the PLA
matrix was durable but rigid, prone to cause irritation in
the nasal cavity during administration, while the TPU was
characterized by moderate flexibility and adequate durabil-
ity. The shore hardness scale characterizes each material and
enables their comparison in terms of elasticity and durability
[29]. Among the three materials employed for the matrix
construction, PLA has the highest shore hardness equal to
83D, while TPU and FiberFlex 40D, as more soft and elas-
tic materials, have 95A and 40D, respectively. In the case
of the FiberFlex 40D matrix, the extension’s durability was
low as it was deformed due to the high flexibility of the
material. According to the aforementioned results, the TPU
material was selected as the best material among the tested
ones. Subsequently, to further optimize the flexibility and
durability of the TPU matrix, three different matrices were
prepared, according to the value of the fill density, which
was set at four values as follows: 30%, 15%, 10%, and 0%. It
was found that, as the fill density decreased, the durability
decreased as well, while the flexibility increased. To assess
these two parameters, the extension of each printout under-
gone a 90° bend. The matrix with fill density equal to 10%
was successfully bended without any signs of cracking at the
connection point of the extension to the base. In the case of
0% fill density, the extension came off the base, while at 30%
and 15%, bending was feasible only until 40°. Consequently,
the fill density equal to 10% was finally selected to ensure
both the flexibility and durability of this part of the device.
The printing conditions to obtain the TPU matrix of MPD

Table 2 3D-printing parameters for the TPU matrix, as set to soft-
ware Creality Slicer

Printing parameters Units Set value
Nozzle temperature °C 215
Bed temperature °C 70
Fill density % 10
Print speed mm/s 30
Travel speed mm/s 50
Top/bottom speed mm/s 50
Bottom layer speed mm/s 20
Layer height mm 0.12
Shell thickness mm 0.8
Outer/inner shell speed mm/s 35
Retraction speed mm/s 80
Filament flow % 100
Platform adhesion type - Raft

are presented in Table 2. The TPU is a GRAS material [22],
extensively used in medicine to produce tissue-engineered
scaffolds, artificial blood vessels, implants, or prosthetics
[30-32]. These polyurethane plastics are technically TPE,
characterized by high elasticity (from 600 to 700% elonga-
tion to break), able to form 3D objects with soft (hardness
between 60A and 55D) and flexible surface. Moreover, the
biocompatibility of the TPU and the ease of its steriliza-
tion render it appropriate for the manufacturing of medical
instruments and devices [33]. The tissue-like nature of this
material is considered essential for the part of the MPD con-
tacting the nasal mucosa, to avoid nose bleeding or discom-
fort to the patients. FiberFlex is a TPE material, presenting
higher grade of flexibility and lower shore hardness [34].
Namely, in this study, the tested TPU and TPE have shore
hardness equal to 95A and 40D, respectively. The geometry
of the MPD extension required a degree of rigidity for its
tubal structure to be formed.

Piston

The piston consisted of the same parts as the matrix, with-
out bearing a head. It was designed as a compact copy of
the matrix, in smaller dimensions to fit inside the tubular
extension. The height of the base handle was increased to
allow the simple adjustment and removal of the piston from
the matrix. The extension of the piston was designed to exit
adequately from the head of the matrix and release the film
formed on the matrix’s head, on the targeted area of the nasal
cavity. The dimensions of each part of matrix and piston are
presented in Table 1. Three 3D objects were printed, each
by using a different material, namely, PLA, TPU, or ABS, to
determine the most appropriate one for the development of a
functional piston. The FiberFlex was not tested as it does not
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meet the high durability requirements. All the three pistons
had an extension with a diameter of 2.2 mm and a height of
36 mm. The 3D-printing process showed that the use of PLA
and ABS resulted on pistons with durable extensions, while
the extension of the TPU piston was characterized by great
deformation. The functionality of the piston is expressed
as the ability to fit in the TPU matrix and release the film
formed on its head. The PLA piston was not able to thrust
the film from the TPU matrix, but could from the PLA one,
while ABS piston could fit properly in the TPU matrix and
had the appropriate rigidity to release the film successfully
from the head. Consequently, the ABS material was selected
for the construction of the piston. The printing conditions
are presented in Table 3.

The ABS is a hard material with shore hardness higher
than 95A, high impact strength, and minimized warping
tendency [35]. Its strength is attributed to the acrylonitrile
and butadiene elements, while styrene units are responsi-
ble for its toughness [36]. The ABS provided printouts with
increased hardness and stability. Simultaneously, it led to
negligible distortion of the piston geometry, compared with
the other tested materials, such as the PLA and TPU. The
piston functionality is dependable of the force that can be
exerted on the film formed on the matrix head. Although
PLA is more rigid, the stiffness and the rough surface of
the PLA piston render the movement of its base extension
into the tubal extension of the TPU matrix difficult. Accord-
ingly, the ductility of both parts of the MPD is critical for
the assemblage. The high-quality surface properties of the
ABS [37] are required in this case, as the features of the PLA
piston are incompatible with the TPU matrix.

The MPD was 3D-printed, based on the CAD model. The
four tested materials to produce MPD have been extensively
used in the development of medical devices and are FDA

Table 3 3D-printing parameters for the ABS piston, as set to the soft-
ware Creality Slicer®

Printing parameters Units Set value
Nozzle temperature °C 240
Bed temperature °C 100
Fill density % 30
Print speed mm/s 60
Travel speed mm/s 80
Top/bottom speed mm/s 80
Bottom layer speed mm/s 20
Layer height mm 0.12
Shell thickness mm 0.8
Outer/inner shell speed mm/s 35
Retraction speed mm/s 80
Filament flow % 100
Platform adhesion type - Brim
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approved [30, 38, 39]. Grey TPU and ABS filaments were
employed for the preparation of the matrix and the pistons,
respectively. Then, the two parts were assembled to be used
for the evaluation of film deposition in the non-realistic and
semi-realistic nasal casts.

MPD Evaluation Using Nasal Casts

The MPD evaluation was performed on 3D-printed nasal
casts derived by the CAD model of Sananes et al. [27].
The CAD model of the nasal cast was created by a group
of scientists, to print nasal scaffolds for the training of the
samplers in collection of nasopharyngeal swabs, during the
COVID-19 pandemic. The nasal cast was characterized as
highly realistic and anatomically accurate by 85% and 95%
of the total study population (N =40), respectively [40].

In this study, the fit of the MPD inside the nostrils was
assessed, finding that proper fit was achieved in both nasal
casts, as depicted in Fig. 4. Between the two nasal casts, no
anatomical differences were observed. More specifically, it
was found that the base fits to the nostril, at both sides of the
nasal casts, and the height of extension enables the head of
the matrix to reach the targeted area. Afterwards, the film
detachment from the head and deposition on the olfactory
area was tested. The development of the film took place on
the head of the MPD, letting the film-forming agent dry in
room temperature (25 °C) for 30 min. The thickness of the
formed film was equal to 45.8 +1.3 um. As nasal film is a
recently developing dosage form, only sparse data of the
appropriate film features for nasal delivery, such as thick-
ness, are reported in literature [41, 42]. The data of ocu-
lar films’ thickness were used as reference. The maximum
accepted thickness for ocular films is 90 um [43]. Thus, the
thickness of the film in this study can be considered accepted
for nasal delivery, as the nasal cavity is a less fragile route
of administration than the eye.

The device was introduced into the left nostril of the non-
realistic and semi-realistic nasal cast. After 3 rotations of the
device, the film was released successfully on the targeted
area, only on the semi-realistic nasal cast (Fig. 5). The 3
rotations were required for the successful detachment of the
film from the head of the matrix. The deposition of an intra-
nasally administered formulation on the olfactory region is
the first required step for drug transfer into the brain.

Limitations of the Study

Although the study effectively demonstrates the utility of
a novel device for administration of nasal films, there are a
few limitations associated with it. The nasal casts and the
device used in this study correspond to the average dimen-
sions of the adult nasal cavity. Moreover, the evaluation
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Fig.4 MPD fit into the 3D-printed nasal casts. A En face non-realistic nasal cast, B profile left side of the non-realistic nasal cast, C en face

semi-realistic nasal cast, D profile left side of the semi-realistic nasal cast

tests on the nasal casts aim to assess the deposition of the
film on the target area, without considering the events that
regularly take place in the nasal cavity, such as the muco-
ciliary clearance, blood flow, congestion, and deconges-
tion. To determine the effect of these parameters, further
evaluation on healthy volunteers is required, including
adult and non-adult subjects. Furthermore, the design of
the device enables the administration of small size films
formed by the drying of 25 pL of the film-forming agent.
Low solubility drugs requiring high-dose administration
cannot be delivered using this device. Despite the limi-
tations, this study aims to develop a low-cost and easy-
constructed delivery device for the recently introduced
dosage form of nasal films, also proving the usefulness of
3D-printed nasal cast in its evaluation.

Conclusions

The present study introduces a realistic novel device for
the personalized administration of nasal films. The evalu-
ation of the device revealed its successful design, after
being assessed in terms of film positioning on the non-
realistic and semi-realistic nasal casts. The development
of personalized devices for nasal delivery with 3D-printing
technologies, as applied in this work, can significantly
improve the effectiveness of the IN formulations. In vitro
evaluation can be efficiently performed using nasal cast
models; however, clinical studies on healthy volunteers are
required to support the applicability of the device.
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Fig.5 Successful positioning of the nasal film (blue arrows) on the olfactory area of the semi-realistic nasal cast, using MPD
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